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ABSTRUCT: The intermolecular interaction and aggregation of the neutral 
fac-tris(2-phenylpyridinato-C
2
,N)iridium(III) (fac-Ir(ppy)3) in solution was investigated. 
Intermolecular interactions were found to effectively decrease the luminescence lifetime 
via self-quenching with increasing fac-Ir(ppy)3 concentrations. A Stern-Volmer plot for 
quenching in acetonitrile was linear, due to bimolecular self-quenching, but curved in 
toluene as the result of excimer formation. 
1
H NMR spectra demonstrated a 
monomer-aggregate equilibrium which resulted in spectral shifts depending on solvent 
polarity. X-ray crystallography provided structural information concerning the 
aggregate, which is based on a tetramer consisting of two -fac-Ir(ppy)3 －
-fac-Ir(ppy)3 pairs. Offset - stacking of ppy ligands and electrostatic dipole-dipole 
interactions between complex molecules play an important role in the formation of these 
molecular pairs. 
 
INTRODUCTION 
     fac-Tris(2-phenylpyridinato-C
2
,N)iridium(III) (fac-Ir(ppy)3), originally prepared 
by Watts et al. almost 20 years ago,
1-3
 is considered by both materials and inorganic 
chemists to be one of the most fascinating transition metal complexes.
4-12
 The 
noteworthy properties of fac-Ir(ppy)3 are its strong phosphorescence, with high quantum 
yield of  = 1,13 and the green color of its emission, which makes this compound 
suitable as an emitter in organic light emitting diodes (OLEDs).
14-35
 The development of 
full-color OLED displays requires emitters with a degree of color variation. As a result, 
many synthetic studies have been applied toward modification of the ligand, and tuning 
of the emission color has been achieved as a result, including blue emission from 
fac-tris[2-(4,6-difluorophenyl)pyridinato-C
2
,N]iridium(III) (fac-Ir(F2ppy)3)
36
 and red 
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emission from fac-tris(1-phenylisoquinolinato-C
2
,N)iridium(III) (fac-Ir(piq)3).
37,38
 
However, improved energy efficiency and durability are also desirable from these 
devices to allow the further development of full-color OLEDs. Unfortunately, compared 
to studies of OLED applications, research concerned with obtaining a basic 
understanding of excited state fac-Ir(ppy)3 seems to be lagging behind. 
     Recently, we presented an STM image of fac-Ir(ppy)3 molecules on a Cu(111) 
surface.
39,40
 Since fac-Ir(ppy)3 has a large dipole moment of 6 D parallel to the C3 axis 
of the molecule, each molecule on the surface was oriented such that its dipole was 
perpendicular to the surface. Although the molecules were able to diffuse over the 
two-dimensional surface, even at 77 K when the molecular density on the surface was 
low, the strong electrostatic repulsion between molecular dipoles inhibited contact of 
the molecules with one another. In solution, where the molecules are free to undergo 
three-dimensional motion, the intermolecular electric interactions may still provide an 
attractive force between molecules in some cases. The collision of an excited molecule 
with a ground state molecule often induces self-quenching of luminescence, such that 
both the quantum yield and lifetime of fac-Ir(ppy)3 phosphorescence are reduced at 
increasing concentrations. Even when dispersed in the rigid polymers, concentration- 
dependent self-quenching is observed.
41-45
 Also, for Ir(III) complexes doped in the wide 
energy gap host material such as 4,4’-bis(N-carbazolyl)-2,2’-biphenyl (CBP) or 
4,4’,4’’-tris(N-carbazolyl)triphenylamine (TCTA), the phosphorescence quenching is 
resulted from the triplet-triplet annihilation in complex aggregate.
46-50
 
     In the present work, we focused on the intermolecular interactions and 
aggregation of fac-Ir(ppy)3 in solution. Evidence of aggregation in solution was 
obtained by studying the luminescence quenching and the 
1
H NMR of fac-Ir(ppy)3 in 
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solvents of varying polarity. On the basis of these results, as well as data from 
single-crystal X-ray crystallography, we were able to propose an aggregate structure for 
fac-Ir(ppy)3. This crystal structure, which is different from that reported previously,
51
 
informs us that fac-Ir(ppy)3 crystallizes as a dimorph. 
 
RESULTS AND DISCUSSIONS 
     Figure 1A presents the Stern-Volmer plot for emission self-quenching of 
fac-Ir(ppy)3 in acetonitrile. The reciprocal of the emission lifetime (), determined by 
curve fitting to the first-order decay, exhibited a good linear relationship with the 
concentration of fac-Ir(ppy)3. This plot was analyzed as a simple bimolecular-quenching 
process as a function of the concentration of the complex molecule ([Ir]) using the 
equation
53-58
 
1/ = 1/0+kq[Ir]            (1) 
where 0 is the lifetime at infinite dilution and kq is the quenching rate constant. From 
least-squares analysis, values of 0 = 1.74 s and kq = 5.75×10
10
 M
-1
s
-1
 were 
determined. The magnitude of kq suggests that the quenching reaction is a 
diffusion-controlled process.
59-61
 Figure 1B shows another Stern-Volmer plot based on 
measurement of a quenching in toluene. In contrast to the acetonitrile data, this plot is 
not a straight line but rather curved, suggesting that the quenching process in toluene is 
more complex than in acetonitrile. The luminescence decay curve in toluene, however, 
was well fit using an exponential expression, and the emission lifetime could therefore 
be calculated as a single-exponential function of time. On the basis of a study of the 
emission quenching of a Ru
2+
 complex by Ag
+
 ion, in which a similarly curved 
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Stern-Volmer plot for emission from the [Ru(bpy)3]
2+－Ag+ adduct was obtained,62,63 
we can attribute the concentration dependent lifetime in toluene to the formation of an 
excimer formation. Taking into account the monomer-dimer equilibrium in the excited 
state, the relationship between  and [Ir] is summarized by the following equation, 
incorporating the excimer formation constant (K*) and the excimer emission lifetime 
(e). 
1/ = {1/0 + (K*/e)[Ir]}/(1+K*[Ir])          (2) 
Calculations based on eq 2 successfully fit the curve of the experimental data and 
provided values of K* = 1.05×106 M-1, 0 = 1.79 s, and e = 0.64 s. The monomer 
lifetime (0) determined in this manner is very close to that obtained from the 
acetonitrile data. If dynamic bimolecular quenching such as occurs in acetonitrile takes 
place in addition to excimer formation, the (K*/e) in eq 2 should be modified to (K*/e 
+kq) so as to include the quenching rate constant kq. If this is the case, we cannot 
evaluate e and kq independently based on curve fitting. Excimer formation from a 
transition metal complex has also been reported for the planar molecule 
[2,6-bis(5-methyl-2-pyridiyl)phenyl-3N,C1,N’]chloridoplatinum(II) (Pt(5dpb)Cl).64 In 
this study, a large spectral shift arising from the overlapping of dz2(Pt) and pz(Pt) 
orbitals based on dimer stacking was observed. For the nonplanar fac-Ir(ppy)3 with C3 
symmetry, a large spectral shift based on Ir-Ir interaction does not occur since the 
molecular structure incorporating three ppy ligands generates too much steric hindrance 
to allow the overlapping of d(Ir) and p(Ir) orbitals in the dimer. The - interaction 
between ppy ligands in the dimer, however, can contribute to the stabilization of an 
excited state, resulting in a slight red-shift of the emission band.
65
 It should also be 
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noted that this dimerization due to ligand - stacking can take place not only in the 
excited state but also in the ground state. However, with regard to analysis of the 
Stern-Volmer plot of emission lifetime, monomer-dimer equilibrium in the ground state 
does not interfere with our calculation of K* based on eq 2.
63
 
 
 
Figure 1. Stern-Volmer plots of fac-Ir(ppy)3 emission lifetime selfquenching in (A) acetonitrile and 
(B) toluene. The solid lines represent best data fits using eqs 1 and 2, respectively. 
 
     Figure 2 presents the absorption spectra of fac-Ir(ppy)3 in acetonitrile (A) and 
toluene (B). TD-DFT calculations
66,67
 show that the absorption peak around 390 nm 
should be assigned to the singlet metal-to-ligand charge transfer (
1
MLCT) transition, 
whereby the Ir 5d orbital undergoes significant mixing with the * character of the 
ligand. We also determined that the absorption band at 450-500 nm corresponds to the 
lowest 
3
MLCT excited state, and the singlet ligand-centered (
1
LC) state having the 
higher excitation energy was assigned to the more intense absorption band observed in 
the UV region (<300 nm). These assignments are somewhat uncertain because 
1
MLCT, 
3
MLCT, and 
1
LC states can mix with one another as the result of configuration 
interactions or spin-orbit coupling.
68
 The MLCT band around 380 nm in toluene is 
slightly blue-shifted to 370 nm in acetonitrile. According to the literature,
69-76
 the 
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solvent effect on the MLCT band is attributed to variations in the HOMO-LUMO 
energy gap based on electrostatic interactions between the complex molecule and the 
solvent. In the polar solvent acetonitrile, most of the fac-Ir(ppy)3 are believed to be 
solvated due to the electrostatic attraction between the complex and the acetonitrile 
molecules,
77,78
 and therefore it would be difficult to form a contact complex pair. As 
shown in Figure 2A, both the normalized absorption and emission spectra are 
independent of the concentration of fac-Ir(ppy)3. In a nonpolar solvent such as toluene, 
however, solvation is expected to be weak,
79
 and so the complex molecules can easily 
contact one another to form dimers or otherwise aggregate. In fact, we can observe a 
slight but noticeable change in the concentration dependent absorption spectra of 
fac-Ir(ppy)3 as shown in Figure 2B, suggesting a monomer-aggregate equilibrium. With 
increasing concentrations of fac-Ir(ppy)3 from 2.64×10
-6
 M to 1.19×10-4 M in toluene, 
the absorbance at 380 nm decreases in intensity while that at 322 nm increases, with an 
isosbestic point around 350 nm. Unfortunately the absorbance change in toluene is too 
small to determine the formation constant of the aggregate. 
     Since the emitting state of fac-Ir(ppy)3 may be represented as a competition 
between MLCT and LC state lying close in energy, the emission spectrum depends on 
the environment surrounding the molecule, including solvent, matrix, and so on.
66,67
 The 
solvent-dependent emission spectrum of this compound is evident in Figure 2; the 
spectrum in acetonitrile is broadened compared with that in toluene. The strong 
solvation by the polar solvent acetonitrile likely contributes to this spectral broadening. 
We have previously reported that the addition of electron-withdrawing groups to the 
ligands of a Ru(II) complex leads to broadening of its emission spectra, as a result of an 
increase in the Huang-Rhys factor for nonradiative transition.
80-82
 Changes in the 
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electron density of fac-Ir(ppy)3 induced by solvation may similarly lead to an increase 
in the Huang-Rhys factors for ligand vibrational modes, which effectively contribute to 
the nonradiative transition from the MLCT and/or LC state. 
 
 
Figure 2. Absorption and emission spectra of fac-Ir(ppy)3 in (A) acetonitrile and (B) toluene. Each 
set of spectra was obtained over the concentration range of 10
-6
-10
-4
 M. Each emission spectrum 
is normalized to its peak wavelength intensity. 
 
     The emission band in toluene is shifted to longer wavelengths with increasing 
concentrations of fac-Ir(ppy)3 in the same manner as in the absorption spectrum, 
signifying that both aggregate and monomer emission are being observed. The 
concentration dependence of the emission spectrum seen here is in good agreement with 
preciously reported results.
83
 In acetonitrile, on the other hand, there is no spectral 
9 
 
evidence for the aggregation of fac-Ir(ppy)3. As shown in Figure 2A, the absorption and 
emission spectral profiles in acetonitrile are unchanged even when the concentration of 
the complex molecule is increased up to 1.68×10-4 M. 
 
 
Figure 3. 
1
H NMR spectra of fac-Ir(ppy)3 in (A) acetonitrile-d3 and (B) benzene-d6 over the range 
of 300-340 K (asterisks denote benzene sidebands). (C) Labeling of proton signals. 
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     Evidence of aggregation in the nonpolar solvent was also obtained from the 
1
H 
NMR spectra of fac-Ir(ppy)3. Figure 3 shows the VT-
1
H NMR spectra of 10
-3
 M 
fac-Ir(ppy)3 in acetonitrile-d3 and benzene-d6. Four doublet peaks and four triplet peaks 
corresponding to the protons of the ppy ligand are clearly observed in acetonitrile-d3 at 
300K. Although the two signals corresponding to protons g and h tend to converge at 
6.6-6.7 ppm as the temperature is increased, no other extraordinary shifts are observed 
on heating. However, in the case of the benzene-d6 solution, the peak at 7.6 ppm splits 
into two doublet peaks on increasing the temperature from 300 to 310 K. In addition, 
the upper-field split peak and another doublet peak at 7.5 ppm appearing at 310 K 
moved together as the temperature was raised and finally converged into one doublet 
peak at 340 K. These spectral shifts with temperature suggest a monomer-aggregate 
equilibrium for fac-Ir(ppy)3 in benzene. 
     In addition to shifts with temperature, there are also some significant differences 
between the spectral patterns of the acetonitrile-d3 and benzene-d6 solutions. The 
chemical shifts of the proton signals in nonpolar solvents such as benzene or toluene 
were quite different from the spectrum in the polar solvent acetonitrile-d3, which in turn 
was very similar to the spectra acquired in dichloromethane-d2, chloroform-d3, and 
dimethylsulfoxide-d6. On the basis of the aggregation observed in the luminescence 
quenching of toluene, the unique chemical shifts in benzene are attributed to differences 
in local magnetic interactions due to the effect of ring current changes in the aggregate. 
Since 
1
H NMR assignments for fac-Ir(ppy)3 in benzene have not been reported except 
for in dimethylsulfoxide,
84
 we assigned the signals based on the 
1
H-
1
H COSY NMR of 
fac-Ir(ppy)3 and by comparison with the spectrum of fac-Ir(F2ppy)3. The assignment for 
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the signals are based on labels a-d for the pyridine ring protons and e-h for the benzene 
ring in ppy, as shown in Figure 3C. The signals observed for b (6.86 ppm), c (7.58 ppm), 
and d (7.87 ppm) in acetonitrile-d3 were shifted upfield to 6.14, 6.84, and 7.47 ppm, 
respectively, in benzene-d6, while those of a (7.46 ppm), e (7.58 ppm),  f (6.72 ppm), g 
(6.60 ppm), and h (6.55 ppm) were shifted downfield to 7.62, 7.71, 7.08, 7.04, and 7.62 
ppm, respectively. The upfield shifts of b, c, and d and the downfield shift of h were 
especially remarkable. 
 
 
Figure 4. 
1
H NMR spectra of fac-Ir(ppy)3 in mixed benzene-d6/acetonitrile-d3 solutions at 300 K. 
The top spectrum is in neat benzene-d6, and the bottom is in acetonitrile-d3. The red and blue 
lines indicate the movement of 1H signals of the pyridine and phenyl rings, respectively, with 
variation in the acetonitrile-d3 content (asterisks denote benzene sidebands). Refer to Figure 3C 
for labeling of proton signals. 
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     Figure 4 shows 
1
H NMR spectra of fac-Ir(ppy)3 in mixed 
benzene-d6/acetonitrile-d3 solvents at 300 K; the top spectrum was acquired in neat 
benzene-d6 and the bottom in neat acetonitrile-d3. When the acetonitrile-d3 content in 
the mixed solvent was increased from 0% to 10%, the signals b, c, d were shifted 
downfield, and the peaks a, e, f, g and h were shifted upfield. This result is similar to the 
behavior observed in benzene-d6 when increasing the temperature above ambient. 
Although significant shifts are clearly observed up to 60% acetonitrile-d3 content, no 
remarkable shifts are seen in the range of 60-70%. From 70% to 100%, downfield shifts 
of peaks b, c, and d and upfield shifts of peaks a, e, f, g, and h take place. The overall 
series of peak shifts observed in these 
1
H NMR spectra likely correspond to stepwise 
equilibrium during the formation of fac-Ir(ppy)3 aggregates. 
 
 
Figure 5. Photographic images and spectra of green and yellow luminescence from fac-Ir(ppy)3 
dimorphic crystals. The emission intensities are normalized to maximum intensity. 
 
     A fac-Ir(ppy)3 crystal was found to readily sublime on heating above 458 K and 
could be deposited as a yellow crystal on a glass substrate. Surprisingly, the resulting 
crystal emitted yellow luminescence rather than green. The spectrum of the yellow 
emission peaked at 553 nm and was readily distinguished from the green emission of 
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the original crystal at 536 nm, as shown in Figure 5. The emission quantum yield of the 
yellow crystal () was determined to be 15.3 %, higher than the value of 4.3 % of the 
green version but much less than the yield of this same compound in solution. It is well 
established that fac-Ir(ppy)3 is stable on heating and that sublimation is a useful means 
of purifying it, and therefore it seems unlikely that the observed change in emission 
color is caused by any reactions due to the heating process during sublimation. In fact, 
the 
1
H NMR of a chloroform-d3 solution of the yellow luminescent crystal was identical 
to that of the green luminescent crystal. The emission of a crystal may be effectively 
quenched by molecular interactions among complex molecules, energy-trapping at 
crystal defects, and other processes, and, according to previous work on Pt(II) complex 
polymorphs, color variations in fac-Ir(ppy)3 crystals can be attributed to differences in 
crystal structures. The change in color from green to yellow suggests that - 
interactions between ppy ligands arising from crystal packing have the effect of 
reducing the MLCT excited state energy. Powder X-ray diffraction data provided further 
basis for this theory by demonstrating that the crystal structure of the yellow 
luminescent crystal was different from that of the green crystal. 
 
Table 1. Crystal Data for fac-Ir(ppy)3 (Tetragonal Form) Obtained by Sublimation
a 
 tetragonal form  trigonal form
b
 
space group P-42(1)3c  P-3 
a (Å) 23.3336(12)  16.8003(10) 
c (Å) 9.1279(5)  15.3998(10) 
V (Å
3
) 4969.7(5)  3764.3(4) 
Z 8  6 
ρ (g/cm
3
) 1.750  1.733 
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a
For comparison, the literature data
b
 for fac-Ir(ppy)3 (trigonal form) obtained by recrystallization 
from acetonitrile are also listed. 
b
Reference 51. 
 
 
Figure 6. ORTEP structure for fac-Ir(ppy)3 in its tetragonal form. 
 
     We prepared a yellow luminescent single crystal of fac-Ir(ppy)3 by physical vapor 
deposition to determine its crystal structure, followed by X-ray crystallography of the 
crystal preformed at 193(2) K. As shown in Table 1, the crystal system was tetragonal, 
the space group was P-42(1)c (#114), Z = 8, and V = 4969.7(5) Å
3
, all of which are 
different from those of the trigonal green luminescent crystal, as determined 
previously.
51
 Figure 6 presents an ORTEP drawing of fac-Ir(ppy)3 in the tetragonal form, 
which has pseudo-C3 symmetry and the following bond lengths: Ir1－N1 = 2.151(4) Å, 
Ir1－N2 = 2.133(4) Å, Ir1－N3 = 2.137(4) Å, Ir1－C11 = 2.027(4) Å, Ir1－C22 = 
2.031(4) Å, and Ir1－C33 = 2.020(4) Å. The bond angles are the following: N1－Ir1－
C11 = 79.35(15)º, N2－Ir1－C22 = 79.11(15)º, and N3－Ir1－C33 = 79.42(14)º. This 
molecular structure, including the bond lengths and angles, is in very good agreement 
with that of the trigonal form.
51
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      Figure 7A shows the packing structure of the tetragonal form when viewed 
along the c-axis of the crystal. There are eight molecules in the unit cell, and the 
molecular C3 axis of each molecule is likely parallel to the c-axis. A square-shaped 
tetramer of fac-Ir(ppy)3, consisting of two － isomer pairs, is distinguished from 
other peripheral molecules in the unit cell. The Ir－Ir distances between the －pairs 
are all 8.5029(4) Å, and their dipoles are antiparallel to each other. The － stacking of 
ppy ligands in the － pair is observed, and the distance between ligands is 3.4－3.5 
Å, as shown in Figure 7B. Taking into account the van der Waals radius of a C atom, the 
ppy ligands are believed to contact one another. As shown in Figure 7C, the ppy ligands 
form an offset － stacking structure in order to avoid the electrostatic repulsion 
between C atoms which would arise in a face-to-face stacking structure, a phenomenon 
also known to take place in molecular crystals of aromatic organic compounds.
85
 The 
closest Ir－Ir distance between the peripheral molecules and the tetramer is calculated 
to be 836545(3) Å, and so there appears to be no － interaction in this case. 
16 
 
 
17 
 
 
Figure 7. (A) Arrangement of eight fac-Ir(ppy)3 molecules in the unit cell of the tetragonal form, 
viewed along the c-axis. A tetramer consisting of two － pairs and four peripheral molecules is 
evident. Purple, blue, and gray colors denote Ir, N, and C atoms, respectively. H atoms are 
omitted for clarify. The side view (B) and top view (C) of the － stacking structure of a － 
pair in the tetramer. 
 
CONCLUSIONS 
     We observed the aggregation of fac-Ir(ppy)3 in the nonpolar solvents toluene and 
benzene. A kinetic analysis of luminescence quenching using the Stern-Volmer plot 
revealed either dimer or aggregate formation in the photoexcited state. The monomer－
aggregate equilibrium also resulted in spectral changes associated with MLCT 
18 
 
absorption and emission and produced shifts in the compound’s 1H NMR spectrum. It is 
noteworthy that evidence of aggregate formation was obtained in nonpolar solvents but 
not in the polar solvent acetonitrile. Because aggregate formation requires the removal 
of some solvent molecules form the solvated complex, the differences in solvation 
energy in polar and nonpolar solvents likely determine whether aggregates are formed. 
      According to the literature,
85
 electrostatic interactions are important in molecular 
crystals; that is, favorable interactions among overall molecular dipoles are usually 
much less important than local interactions among ligands. In the present case, although 
the complex molecule can respond to the chirality of a neighboring molecule in the 
-Ir(ppy)3－-Ir(ppy)3 pair based on - interactions between ppy ligands, the overall 
molecular dipoles are antiparallel to each other and are likely important for the 
molecular configuration and/or the crystal packing. In the case of the trigonal 
fac-Ir(ppy)3 crystal,
51
 which emits green luminescence, the interaction between 
molecular dipoles is more important than the local - interaction between ligands since, 
unlike in the tetragonal form, the - interaction in the trigonal form is too weak to 
affect the MLCT energy. 
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Supporting Information of Chapter 1 
X-ray crystallographic data of fac-Ir(ppy)3 in CIF format is available free of 
charge via the Internet at http://pubs.acs.org. 
 
 
 
 
Figure S1. 
1
H-
1
H COSY NMR of fac-Ir(F2ppy)3 in dichloromethane-d2. The peak d is 
down-field shifted by the effect of F atom compared with those of fac-Ir(ppy)3 in 
dichloromethane-d2. 
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Figure S2-1. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3. The red and blue 
lines denote the correlation between the proton signals of pyridine and benzene rings, 
respectively, in the ppy ligand. The red and blue lines denote correlations in pyridine 
and phenyl rings, respectively. 
 
 
Figure S2-2. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (1:9). 
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Figure S2-3. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (2:8). 
 
Figure S2-4. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (3:7). 
22 
 
 
Figure S2-5. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (4:6). 
 
Figure S2-6. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (5:5). 
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Figure S2-7. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (6:4). 
 
Figure S2-8. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (7:3). 
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Figure S2-9. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (8:2). 
 
Figure S2-10. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in acetonitrile-d3/benzene-d6 (9:1). 
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Figure S2-11. 
1
H-
1
H COSY NMR of fac-Ir(ppy)3 in benzene-d6. 
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